Abstract Switchgrass (Panicum virgatum L.) is a candidate for cellulosic bioenergy feedstock development. Because biomass yield is the most important biological factor limiting the commercial development and deployment of switchgrass as a cellulosic bioenergy feedstock efforts must be undertaken to develop improved cultivars. The objectives of this study were (1) to conduct two cycles of within-family selection for increased biomass yield in WS4U switchgrass and (2) to simultaneously evaluate progress from selection relative to the mean of the original WS4U population. Each of the 150 WS4U families was subjected to phenotypic selection for vigor, seed production, and disease resistance. The mean of all families increased relative to the original WS4U population by 0.36 Mg ha −1 cycle −1 for biomass yield and 3.0% cycle
Introduction
Switchgrass (Panicum virgatum L.) is a candidate for cellulosic bioenergy feedstock development in some parts of the USA and Canada. Switchgrass is widely adapted to many habitats east of the North American Rocky Mountains. Feedstock development of switchgrass was initiated by the U.S. Department of Energy in 1992, with expansion to USDA-ARS in 2002, and later addition of significant Department of Energy competitive grant programs [16] . With the increase in research on this native species, and subsequent improvements in management efficiency, public and commercial interest in switchgrass production has increased accordingly [16] .
Early adoption and deployment of switchgrass for bioenergy production has been based on existing cultivars, developed as seed increases of prairie remnant populations or from a limited number of selection cycles in forage breeding programs [19] . Switchgrass cultivars are highly photoperiodic and vary considerably in adaptation to local climatic conditions, resulting in regional deployment patterns that reflect the geographic origins of most cultivars. Most improved cultivars originate from accessions and breeding programs within the Great Plains region of North America. East of the Great Plains, the vast majority of commercial switchgrass seed deployment originates from unimproved seed increases of prairie remnant populations. These cultivars have been modestly successful because they originate from a wide array of geographic regions and many of them have modestly broad adaptation ranges, despite their "unimproved" status.
Regional deployment of switchgrass cultivars is essential, because of these differential adaptations. Most cultivars can be deployed effectively within bands that include one hardiness zone north and south of their origin [6] . Differences in humidity, precipitation, and soil types between the Great Plains and eastern North America suggest that different cultivars be deployed in these regions. Differences in biomass yield and disease resistance between easternand western-derived cultivars support this assessment [2, 9, 10, 24] . Overall, a combination of hardiness zones and ecoregions provides a useful template for choosing switchgrass cultivars with the highest likelihood of adaptation to individual field sites [23] .
Biomass yield is the most important biological factor limiting the commercial development and deployment of switchgrass as a cellulosic bioenergy feedstock. Profitability of biomass production from switchgrass is directly linked to biomass yield. Production costs may decrease as switchgrass growers gain experience, but increasing biomass yield is the most effective mechanism of decreasing cost per unit of biomass produced [14] . Biomass yield is a heritable trait in switchgrass and improvements can be made by phenotypic selection of individual plants with high yield potential [7, 12, 15] .
The WS4U population of switchgrass is a broad-based germplasm pool made up of 152 tetraploid upland-cytotype parents of diverse origins [5] . Individual plants are obligate outcrossing and genetic improvements are made by identification of a small frequency of superior individuals, followed by intercrossing and germination of progeny seed to begin a new generation (cycle) of selection. Based upon the origin of the parental plants, selections derived from WS4U are expected to be adapted to Hardiness Zones 3-5 east of the Great Plains region of North America. The WS4U population was created as a germplasm base to select and breed for increased biomass yield of switchgrass in this region. The objectives of this study were (1) to conduct two cycles of within-family selection for increased biomass yield in WS4U switchgrass and (2) to simultaneously evaluate progress from selection relative to the mean of the original WS4U population.
Methods
Seed of each original WS4U polycross (half-sib) family was produced at Arlington, WI in September 2000. Each of the 152 parents was present in two vegetative propagules and seed was bulked between the two replicates. The crossing block was isolated by at least 5 km from all other flowering switchgrass, eliminating the possibility of contamination. Seed samples were tested for germination using standard protocols [1] . A biomass sample of 400 to 500 g was taken from each plot for dry matter determination after drying at 60°C in a forced-air dryer. Prior to harvesting, each plot was rated for stage of reproductive maturity, using a numerical scale that ranged from 3.0 for the boot stage to 4.3 for the soft dough stage [13] . Ground cover was determined immediately after each harvest using two placements of a 25-cell grid [22] .
Spaced-plant Selection Nurseries
Seeds of each family were germinated in a glasshouse in January 2001 and transplanted to the field in May 2001. The experimental design of the spaced-plant nursery was a randomized complete block with four replicates. Each plot consisted of ten plants from one family, transplanted on a 0.3-m spacing within plots and 0.9-m spacing between plots. Weeds were controlled by application of 1.12 kg ha
All biomass was removed in September 2001 prior to the onset of winter. Each plant was fertilized with 112 kg N ha −1 prior to the initiation of growth in spring 2002. Preemergence herbicides were also applied prior to initiation of growth, exactly as described for the 2001 application. Prior to anthesis eight plants were culled from the ten present in each plot using a sickle-bar mower. Selection was based almost exclusively on visual estimation of biomass yield. The remaining 20% of the nursery was allowed to pollinate in isolation from other sources of switchgrass. Seed was harvested in late September on one plant of each row-selection based on visual biomass, seed production, and disease reaction-and bulked across the four replicates within a family, creating 150 new seed bulks (families). Two families were permanently lost due to a combination of poor germination in the glasshouse and in the five-row drill plots.
Second Selection Cycle
Seed 
Statistical Analysis
Biomass yield, ground cover, dry matter concentration, and maturity stage were analyzed by nearest neighbor analysis for each cycle-location-year combination using the preadjustment of total forage yield [17] . Previous research at these two locations has demonstrated that there is a high level of seemingly random spatial variation for biomass yields, which is largely unpredictable for blocking designs that require some knowledge of field gradients [17] . Nearest-neighbor methods have been shown to be fairly efficient at controlling a large portion of this variability and providing effective adjustments to family means. The first adjustment consisted of a covariance adjustment for spatial variation within each cycle-location-year combination. The second adjustment was to subtract the mean of the original WS4U population from each plot value within each cyclelocation-year combination, providing a deviation of each family value from the mean of the original population. Adjusted values of biomass yield were analyzed by analysis of variance using the split-plot-in-time model [18] . Degrees of freedom in these models were subtracted from pooled experimental errors, according to the number of parameters fit in the spatial models for each cycle-location-year combination [3] . Experimental error mean squares and all F-tests were recomputed in a spreadsheet after adjustment of error degrees of freedom. Blocks were assumed to have a random effect and all other effects were fixed (Table 1) . Family variance components and confidence intervals were estimated from combined analyses of variance within each cycle using mixed models analysis [8] . Nine families were excluded from these statistical analyses due to inconsistent germination and establishment in one or more cycles of selection, resulting in a balanced structure with 141 families across selection cycles and evaluation locations.
Results and Discussion
Separate analyses of variance computed on biomass yield of 1-year-old vs. 2-year-old plots resulted in a general lack of significance for cycles and families. Recomputation of the analysis of variance based on 2-year means resulted in significant differences among cycles and families ( evaluations of switchgrass biomass yield should be conducted for a minimum of 2 years because up to 2 years are required for switchgrass to reach its biomass yield potential [19] , not all switchgrass genotypes possess the levels of stress tolerances required for long-term survival [21] , and 2 years may be necessary to provide adequate precision for detecting differences among genotypes or families (Table 1) . Genetic variation among families was significant for ground cover measured in the second harvest year. Family differences were not significant for dry matter concentration or stage of reproductive maturity within the original population or within any subsequent cycles of selection. This was due not to a lack of precision or repeatability of these measurements, but to a lack of true differences, owing to the fact that error mean squares were similar for this experiment and other comparable switchgrass field studies at these locations [3, 6] .
Subtracting the mean of WS4U from each family within each cycle allowed estimation of changes in biomass yield during two cycles of selection, based on averages across all 141 families. The linear effect of cycles was significant, accounting for 92% of the sum of squares for cycles ( Table 1) . The nonlinear or residual component was not significant. Relative to the mean of the WS4U population, mean biomass yield of the families increased by an average of 0.36±0.07 Mg ha −1 cycle −1 (Fig. 1) . Similarly, mean ground cover of the families increased by an average of 3.0±0.3 percentage units cycle −1 (Fig. 1) . Ground cover and biomass yield were positively correlated with each other, with phenotypic correlation coefficients ranging from r=0.22 to 0.77 (P<0.01). These effects were consistent between the two locations, despite the fact that all selection occurred at Arlington and the two locations differed in soil type and hardiness zone. Consistent selection responses across locations indicated that gains in switchgrass biomass yield may be relatively robust with respect to some environmental factors. This was also observed for switchgrass selections created in Nebraska and evaluated in Iowa and Indiana, with positive selection responses observed at locations with different environmental conditions compared to the selection location [7] . Similarly, selections for high biomass yield in a low-productivity environment were consistently higher in biomass yield to selections made in a high-productivity environment regardless of where they were grown [15] .
Gains in 2-year mean biomass yield associated with withinfamily selection were partly due to increases in 2-year survival rates. Previous research has indicated that most switchgrass mortality in the north-central USA occurs as a result of winter injury and lack of sufficient cold tolerance [4, 21] . Although Arlington and Marshfield belong to two different hardiness zones (HZ four and three, respectively), the Arlington location was sufficiently severe to provide selection pressure for survival within both hardiness zones. This is a very significant finding, because it verifies that genetic gains for switchgrass survival and biomass yield can be made across adjacent hardiness zones, based on selection at a single location. This finding provides additional Estimated variance components and 95% confidence limits (UL = upper limit, LL = lower limit) for residual and family variances of 2-year mean biomass yield and 2nd-year ground cover measured on 141 switchgrass families subjected to two cycles of withinfamily phenotypic selection for plant vigor verification that switchgrass cultivars can generally be used one hardiness zone north or south or their origin without expectation of severe losses in fitness [6] .
Although families differed in mean biomass yield, the dominant source of variation for families was the family × cycle interaction, particularly for biomass yield (Table 1) . Approximately half of this interaction could be explained by differences in linear response to selection within the 141 families. Families expressed dramatic differences in response to selection (Fig. 2) , ranging in biomass yield response from −1.53 to +2.36 Mg ha −1 cycle −1 relative to the WS4U base population. There was a strong negative phenotypic correlation, r=−0.84 (P<0.0001), between mean biomass yield in Cycle 0 and the linear response of biomass yield to selection. Responses were very similar for ground cover (r=0.42, P<0.0001, between biomass yield and ground cover selection responses), but were not shown due to redundancy. The within-family selection protocol acted to homogenize the entire population of families across two cycles of selection. Families that expressed relatively low initial biomass yield potential showed the greatest improvement in biomass yield across the two cycles of selection. Selection was most effective in these families for two reasons: (1) pollination from superior families resulted in rapid increases in frequency of favorable alleles for biomass yield and (2) visual selection for high biomass yield (plant vigor) within these families was favored by the relatively high frequency of plants with obviously low vigor. Conversely, families with the highest biomass yield presented the greatest difficulty for within-family selection for the two opposite reasons: (1) pollen from the general population rapidly diluted the favorable allelic structure of these families and (2) visually choosing the best plants within these families was often extremely difficult due to their uniformly high vigor and stature.
A small number of families appeared to be very resilient with respect to mean biomass yield across selection cycles, retaining a high ranking of biomass yield in all three cycles (Fig. 2) . For example, six families ranked within the upper quartile within the original population and after both cycles of selection. These families most likely maintained a high rank across selection cycles due to the balancing effect of positive selection pressure for high plant biomass offsetting the diluting effect of unfavorable alleles from pollen shed by families with relatively low biomass yield potential.
In this within-family selection scheme, selection was practiced independently on maternal plants within each family line. Essentially, each family became a subpopulation maintained within the megapopulation, connected by a common selection criterion and by a common source of pollen. Of the 141 families, 72 showed no evidence of a change in mean biomass yield relative to the WS4U base population (Fig. 3) shown), 83 families showed no evidence of a change in mean relative to the WS4U base population (Fig. 3) . Thirteen families had a significant decrease in mean ground cover, averaging −7.4±04% cycle −1 . These families had a mean ground cover, relative to WS4U, of 6.9±1.2% in Cycle 0, decreasing to −7.9±1.5% in Cycle 2. Forty−five families had a significant increase in mean ground cover, averaging +11.7±1.1% cycle −1 . These families had a mean ground cover, relative to WS4U, of −13.2±2.3% in Cycle 0, increasing to +10.2±1.0% in Cycle 2.
In the short term, maintenance of all families within the WS4U population attenuated genetic gains in biomass yield of the entire population by allowing plants from lowyielding families to contribute to the pollen load. Had lowyielding families been eliminated during each cycle of selection, genetic gains would likely have been higher than those observed in this experiment. However, in the long term, this strategy has stored a considerable amount of genetic variability within families, each composed of a mixture of four half-sib families.
The net result of these two cycles of selection has been to nearly exhaust the genetic variation among families (Fig. 4) . The reduction in genetic variance among families has resulted from two phenomena. First, a reduction in phenotypic variation among family means has occurred for both biomass yield and ground cover (Fig. 5) . Most of this reduction occurred in the first cycle of selection with the bulking of four half-sib families across the four replicates to create families for the next cycle of selection. Second, as phenotypic variability among families decreased, the increased uniformity among families resulted in increasing errors associated with measurement of family mean yield (Fig. 4) . Together, the decreased phenotypic variance and increased error variances combined to create a uniform set of families that differ principally in their origin. Indirectly, these observations indicate the lack of importance of maternal effects in regulating biomass yield and ground cover within this switchgrass population, supporting results from hybrid evaluation experiments [11, 20] .
In the long-term, maintenance of all family pedigrees within the WS4U population has resulted in genetic recombinations that did not previously exist within the original source materials for this population. This selection and mating system has likely retained a high frequency of alleles that would have been rapidly lost with a traditional among-family selection system that eliminated a large proportion of each family pedigree in each cycle of selection. Bulking of half-sib families within the original 150 maternal pedigrees and forcing all selection to occur within these pedigrees has homogenized the pedigrees to a point where each pedigree has a very high likelihood of possessing superior plants and contributing superior alleles to the next generation. The initial population, following only a single cycle of random mating, may have expressed some heterosis for biomass yield and other traits, but the frequent recombinations among all maternal lines has ensured that this phenomenon is not a factor contributing to the genetic gains observed in this population.
To best utilize the existing genetic structure of this population, future selection efforts in the WS4U population must focus on extraction of superior phenotypes, genotypes, and alleles from within families. The classic genetic structure of a population of half-sib families (3:1 ratio of additive genetic variance within versus among families) can be restored within a single generation simply by advancing one half-sib family per pedigree to the next generation, preferably by within-family selection. The existing structure of WS4U-C2 increases the likelihood that each of those half-sib families will carry favorable alleles from their maternal parent. Maintenance of all pedigrees and withinfamily selection has likely led to introgression of some favorable alleles into multiple pedigrees, increasing the number of genetic backgrounds in which some favorable alleles will be evaluated. Beginning in the next generation, selection among families or pedigrees should be an effective mechanism to concentrate these favorable alleles in a smaller number of pedigrees. Furthermore, the presence of some favorable alleles repeated across different pedigrees enhances the probably that they will be included in the next generation rather than lost due to phenotyping errors. Proper replication of half-sib family evaluations, including multiple locations, a minimum of two harvest years, multiple replicates, and proper experimental design with spatial analyses will be essential for discriminating among families for biomass yield and survival.
